Abstract: Major marine construction projects, resulting in the release of sediments, are subject to environmental assessment and other regulatory approval processes. An important tool used for this is the development of specialized numerical methods for these marine activities. An integrated set of numerical methods addresses four distinct topics: the near-field release and mixing of suspended sediments into the water column (i.e. the initial dilution zone); the transport of the suspended sediments under the influence of complex ocean currents in the far-field; the settling of the transported suspended sediments onto the seabed; and the potential for resuspension of the deposited sediments due to sporadic occurrences of unusually large near-bottom currents. A review of projects subjected to environmental assessment in the coastal waters of British Columbia from the year 2006 to 2017, is presented to illustrate the numerical models being used and their ongoing development. Improvements include higher resolution model grids to better represent the nearfield, the depiction of particle size dependent vertical settling rates and the computation of resuspension of initially deposited sediments, especially in relation to temporary subsea piles of sediments arising from trenching for marine pipelines. The ongoing challenges for this numerical modeling application area are also identified.
Introduction
In this paper, we present an overview of the development and applications of advanced numerical modeling of sediment transport and fate resulting from marine construction. This modeling is a useful tool to quantify the effects of these activities on the receiving environment. The modeling applications address a wide range of marine construction activities including: dredging for the expansion of ports and harbors; disposal at sea of dredgates; trenching and backfilling for marine pipelines in shallow waters in approaching the coastline; and the removal and installation of underwater electrical cables.
In particular, we provide an overview of the modeling methods for their application in addressing environmental assessment and review issues. We present examples of the models for environmental assessment for port development and for construction of marine pipelines in the jurisdiction of British Columbia, Canada.
Physical Setting of British Columbia Coastal Waters
The British Columbia coastal waters extend over a distance of more than 900 km from the Canadian -United States border in the south, near the Port of Vancouver to the northern border The large river discharges results in a high degree of density stratification of the water column which necessitates the use of 3 Dimensional (3D) numerical models required to represent the vertical variations in ocean currents and other water properties such as temperature, salinity and density.
Environmental Assessment of British Columbia Marine Construction Projects
Marine construction projects have undergone more detailed levels of environmental reviews and assessments in recent decades to the point where environmental issues can present the greatest challenge in the project development process [2] . All marine construction results in environmental change and some of these changes are perceived to be negative from the viewpoint of some of the stakeholders who may be affected by the dredging project.
Major marine construction projects are subject to environmental reviews by governments through an environmental regulatory and permitting system. For projects in the province of British Columbia (BC) in Canada, the environmental regulatory system is shown schematically in Figure 2 .
The lead government environmental agency, usually the British Columbia Environmental Assessment Office (BCEAO), considers the inputs from many other government agencies, as well as from stakeholder groups including First Nations organizations and environmental nongovernmental organizations, as well as private citizens, industry associations and others. For some projects, the federal government takes the lead role in the environmental assessment through the Canadian Environmental Assessment Agency (CEAA). In all cases, federal and provincial government agencies are involved in the expert review of evidence presented by the Proponent and its consultants in the application for the project. Following the first environmental review and assessment of the project, the construction phase of the project is required to follow the project plan and to address any conditions stipulated in the environmental review, including environmental monitoring during construction, and in some cases, following the completion of construction.
The environmental assessments of marine construction typically involve key government departments including Environment and Climate Change Canada (ECCC), the Canadian Department of Fisheries and Oceans (DFO) and the British Columbia Ministry of the Environment (BCMOE). For sediment transport and disposal issues in these assessments, ECCC and BCMOE have developed guidelines and in-house expertise that are specific to marine sediments including Disposal at Sea [3, 4, 5] and contaminated sediments [6] .
Approaches to Numerical Modeling of Sediments Released from Marine Construction Activities
The advantage of using numerical modeling methods for sediment releases from marine construction projects is that the distribution of the released sediments can be quantified in considerable detail in terms of: (a) the time-varying distribution of the construction-released suspended sediments in the water column with location over the receiving area of the marine environment; (b) the spatial distribution of the construction-released sediments deposited onto the seabed; and (c) the potential for resuspension of these deposited sediments and their subsequent transport and fate for times of very strong ocean bottom currents. To ensure the validity of the highly detailed model outputs, the numerical models are subjected to calibration and verification analysis through comparison with field data. An overview of the high level modeling approach for addressing the transport and fate of construction-released sediments, as used for environmental assessment purposes, is presented in 
3D Hydrodynamic Models
The 3D hydrodynamic model is at the core of the integrated numerical modeling approach to simulating sediment transport and fate. These advanced numerical models compute the 3D circulation and densities of the receiving waters into which the sediments from marine construction activities are released. The hydrodynamic model provides a computational fluid dynamics approach to the study of river, estuarine and coastal circulation regimes. These hydrodynamic models apply the full three-dimensional basic equations of shallow water hydrodynamics and conservative mass transport and solves for time-dependent, three-dimensional velocities, salinity, temperature, kinetic energy and mixing length, horizontal and vertical diffusivities, water surface elevation and bottom elevation variations.
The horizontal grid system varies among the various available hydrodynamic models. Many of the models make use of a finite-difference rectangular grid system with some of these allowing for higher resolution representation of the circulation in sub-areas of the model domain through the use of nested horizontal grid systems. For the projects of the present study we have used two 3D hydrodynamics models.
The first approach, COastal CIRculation and SEDiment transport Model (COCIRM-SED) (Figure  4) , is a highly-integrated, three-dimensional, free-surface, finite-difference numerical model code for use on rivers, lakes, estuaries, bays, coastal areas and seas [7, 8, 9, 10] and consists of the circulation or hydrodynamic model as well as sub-modules which including multi-category sediment transport, morphodynamics, water quality and particle tracking, as discussed further below. It also includes wetting/drying and nested grid schemes, capable of incorporating tidal flats, jet-like outflows, outfall mixing zone and other relatively small interested areas. The gridding scheme in COCIRM uses:
-in the vertical, either z layers (fixed size vertical layers which extend across the model domain) or sigma layers (a fixed number of vertical layers for each horizontal grid which is scaled according to the water depth in that grid), typically 10-30 layers -and a rectangular horizontal grid size, typically ranging in size from 10 -100 m. The second approach is the well-known Delft3D model which supports a more flexible model gridding system than the finite difference grid. In particular, curvilinear orthogonal grids can be used to provide a high grid resolution in the area of interest and a low resolution elsewhere, thus saving computational effort. Delft3D [11] is an advanced suite of integrated numerical model components Figure 5 ), or modules, which can be combined with the Delft3D-Flow hydrodynamic model. Delft 3D is one of a handful of advanced deterministic (process-based) coastal ocean models, which are routinely used for this purpose [12] .
More recently, the use of the unstructured Finite-Volume, primitive equation Community Ocean Model (FVCOM) model, which allows much higher horizontal resolution in the immediate vicinity of the construction activity, has been under development. FVCOM is a prognostic, unstructured-grid, finite volume, free-surface, 3-D primitive equation Community Ocean Model [13] which provides modules to compute sediment transport and fate that are applicable to marine construction model applications. This very flexible gridding approach allows for very high resolution, i.e. small volume elements in the immediate vicinity of the construction activity where the sediments are being released, as well as providing much greater flexibility for representing very narrow ocean channels adjoining much larger water bodies connecting these channels to offshore areas. An example of the highly variable gridding system which can be used in FVCOM for the area around the Port of Prince Rupert is shown in Figure 5 . 
Release of Sediments from Construction:
The release of sediments arising from marine construction activities is derived from technical documents on specific marine construction activities which are publically available and from information provided by the marine construction operators and their equipment suppliers.
The nature of the sediments released into the receiving waters vary considerably according to the type of construction activity being much different for the mass and volumetric quantities of sediments released, and the rate of release. For example, for disposal at sea from large barges, this activity consists of very high volumes of materials being released, typically 2000 m 3 , with nearly 100% release of the sediments into the ocean through the bottom of the barge (Figure 6 ), over a short period of time of a few minutes. The particle size distribution of the sediments being discharged is an essential input to determine the rate and transport of the sediments within the water column. The particle size distribution is determined through laboratory analyses of surficial and sub-surficial sediment samples obtained in the vicinity of the marine construction activities where sediments are initially moved. Other key sediment properties are the density or specific gravity and the settling velocity of each sediment type. Density is determined from laboratory measurements and settling velocity, by each particle size, is determined from published tables which in some projects is augmented by laboratory measurements of collected sediment samples. All of these parameters are required by the Sediment Transport Computational Module (Figure 3 ) for each grid element of the Hydrodynamic Model which receives the released sediments at the model time steps in which the releases occur.
Dredging construction activities take many different forms which generally fall within two general categories of mechanical dredging and hydraulic dredging [14] . Mechanical dredgers use a grab or a bucket to loosen the in-situ material on the seabed and raise it to the surface ( Figure 6 ). These come in different types with the most common types being bucket dredgers, grab dredgers and backhoe dredgers. Hydraulic dredging involves raising the loosened materials from the seabed in suspension through a pipe system connected to a centrifugal pump. Hydraulic dredging systems also have different types including: a suction dredger, a cutter suction dredger and a trailing suction dredger ( Figure 6 ). Ongoing improvements in dredging systems are being realized to make the dredging operations more efficient [15] and more effective in reducing the loss of materials during handling and transport of the materials. The dredged materials can be loaded onto the ship from which the dredge is suspended and then later offloaded, or in the case of the cutter suction dredge, the materials can discharged through a pipe to an ocean disposal area.
Trenching and backfilling of marine pipelines or underwater electrical cables represents a different marine construction activity in which sediments are released into the ocean receiving waters. Burial of the pipe or cable first requires trenching of the seabed which can be done by three different methods: water-jetting, mechanical cutting or ploughing [16] . Once installed, the pipeline or cable can be backfilled in order to provide protection through either natural infilling or by artificial methods [17] .
The key release parameters of mass and volume discharged, the rate of releases and the spatial distribution of the released sediments within the receiving water column has a very large range of possible values. As an example, for mechanical dredging, [18] suggest that the rate and mass of sediment resuspended during standard clamshell bucket dredging varied from 0.16 to 0.88% based on 5 field studies for estuarine and freshwater river environments. [19] provide a higher range of estimated release rates for a specific dredging operation in a river with normal values being 3.35% but larger values of 5-6% were reported, and even very large transient values of 10% or more were noted. Given the large range in reported sediment release values from these mechanical dredging activities, the sediment release rate needs to be examined for each specific dredging operation according to the type of dredging operation being conducted in terms of the equipment in use, the physical and geotechnical properties of the bottom materials to be excavated and the operating conditions while dredging is underway.
The initial area and volume over which the suspended sediments from construction activities occurs varies greatly according to the type of construction activity being conducted. As an example, for mechanical dredging the releases typically extend over distances of several meters to a few tens of meters in the horizontal, which is comparable to or smaller than the horizontal model resolution.
In contrast, the volume of the receiving waters for disposal at sea from large barges or high volume pipe discharges from cutter section dredging can extend over many model grid elements. With the use of high resolution grid sizes of tens of meters combined with typical model time steps of a few to several seconds, the initial release of the discharged sediments is initially diluted within an volume of one to a few model grid cells in the horizontal and over all or a subset of the model grid elements in the vertical within this horizontal subarea of the model. This simplifies, and in some cases, avoids altogether the need for initial mixing or dilution zone models (discussed below). For very small release rates, the representation of the released suspended sediment concentration (SSC) is correct as an average value over the full area and volume of the receiving grid element, although it does not identify the peak value of the sediment concentration within the grid element. As the suspended sediments further mix under the influence of ambient diffusion, negative buoyant spreading and advection by the ambient currents, the model representation of the peak SSC values tends to better represent the actual peak SSC values over mixing time scales of many minutes to a few hours.
For other types of sediment releases involving much high higher mass and volumes being released and much higher discharge rates, a 3D initial dilution zone (IDZ) model is required. IDZ models are important especially with application to the disposal at sea of large volumes of marine dredgates from large barges or from pipe discharges with large volume fluxes, such as pipe discharges of dredgates from cutter suction dredging operations. Representing the release of large volumes of sediments can be addressed through specialized 3D models developed for this purpose. The IDZ models used in this paper are derived from two models which are part of the Automated Dredging and Disposal Alternatives Modeling System (ADDAMS) developed by the U.S. Army Corps of Engineers [20] . The Short Term FATE (STFATE), is a short-term fate model of sediment disposal, which is accepted by the U.S. Environmental Protection Agency [21] . The STFATE model can be used to simulate the short-term fate and near-field distribution of the disposal material released from large marine barges immediately following each disposal operation. The STFATE operates on the actual bathymetry using an identical or smaller model mesh to match the 3D hydrodynamic model grid, and typically is run over the initial tens of minutes of the disposal operation. STFATE simulates the dilution and dispersion of released sediments due to convective descent, horizontal transport under due to the ocean currents, turbulent diffusion, dynamic collapse, and the rapid deposition of most coarse sediments with size larger than medium sand. The STFATE output provides the required information on the sediment releases to the 3D model hydrodynamic and sediment transport models, as well as the initial bottom accumulation in the immediate vicinity of the barge.
For discharges of released sediments through pipes, generated by hydraulic dredging methods, a different ADDAMS model, Continuous Discharge FATE (CDFATE) is used to simulate the initial dilution zone [22] . CDFATE is operated to simulate the distribution of suspended and deposited sediments for the pipe slurry discharge over a time frame of one hour or less under varying water depths and ocean current conditions. CDFATE delineates the horizontal distribution of the initial dilution zone and the concentrations of the suspended sediments within this zone. To compute the vertical distribution of the sediment slurry from the pipe, and the amount of direct deposition during the initial 45 minutes of sediment disposal, the STFATE model was applied to the CDFATE results. The combination of CDFATE and STFATE simulations, where CDFATE provides the horizontal distribution and STFATE provides the vertical distribution (including direct deposition) provides a complete 3D representation of the SSC distribution for the initial dilution zone over the water column.
Other requirements for the computation of the transport and fate of sediments released from marine construction includes the representation of mitigation measures that can be conducted to limit the spatial extent of the SSC and deposition to the seabed in order to reduce environmental impacts. Two of these mitigative measures are the use of silt curtains and sheet piles located in the immediate vicinity of the marine construction activity. Realistic simulation of the effects of these mitigation measures requires the use of very high resolution horizontal grids, preferably with grid dimensions of 20 m or less.
Sediment Transport Computational Module
The sediment transport computation module simulates the sediment dynamics of the released suspended sediments, separately for a set of discrete sediment particle size categories, typically numbering from 3 -8. In the COCIRM-SED modeling framework, for fine-grained sediments with particle sizes less than 32 -62 μm (clay -silt range), modeling of cohesive sediment transport is applied, while for coarse sediments with particle sizes of 32 -62 μm (coarse silt, sand, granule and fine pebble), modeling of non-cohesive sediment transport is used. The vertical settling velocities for each sediment particle size category are derived according to laboratory and textbook results. Two separated parts are involved in coarse sediment transport, namely suspended-load and bed-load. The deposition of suspended sediments onto the seabed and the erosion of the deposited sediments off the seabed are also represented according to turbulent sediment dynamical methods derived from laboratory and widely accepted sediment-related hydraulic engineering methods. The morphological or morphodynamic module solves for the bottom elevation variations due to sediment deposition and erosion over the duration of the modeling.
The details of these computations for the modeling systems used in the present study are described in detail in [9] and [11] .
Examples of Numerical Modeling of Sediments Released from Marine Construction Activities
A partial list of numerical modeling studies conducted in support of the environmental assessment for major marine construction projects proposed for the coastal waters of British Columbia from the year 2006 to 2017, is presented in Table 1 . These eight studies illustrate the diversity of the marine construction activities, in terms of the type of construction activity simulated, the attributes of the 3D model used and the Initial Dilution Zone (IDZ) models that were applied. In all of these studies, numerical modeling of sediment releases played a key role in quantifying the effects on the marine environment.
In the remainder of this section, for three of these studies, we present descriptions of the modeling approach used and examples of the model outputs which were used to inform the environmental assessment of the projects.
Marine Dredging in Porpoise Channel of Chatham Sound
The first example is from the BC North Coast in the vicinity of the Port of Prince Rupert within the extended area managed by the Prince Rupert Port Authority. This dredging operation was simulated to occur over a period of 153 days from January to June. The model domain includes southern and central Chatham Sound, a shallow inland sea, with the construction type being dredging the sea bed in Porpoise Channel off Lelu Island, in order to build a marine offloading facility for a proposed LNG project on Lelu Island. This involves dredging of 615,000 m 3 of bottom materials for construction of a materials offloading facility in Porpoise Channel, the resolution of the COCIRM-SED model [26] is 30 m in the vicinity of the dredging area including Porpoise Channel and adjoining areas, within a 210 m horizontal grid over the remainder of the model domain Figure 7 . The vertical resolution was 12 z-layers. The COCIRM-SED model was forced at the open boundary conditions by tidal levels. The Skeena River discharge was specified as an input to the southeast open boundary of the model. Wind forcing is applied through the surface boundary condition and the stratified water properties within the model are determined from historical DFO conductivity temperature depth (CTD) water properties data sets. Both COCIRM-SED models were calibrated and validated using comparisons to DFO current meter data sets (locations shown in Figure 7 ) with overall good agreement between the model and observed currents. In this simulation, the loss rate was taken to be 1% to be on the conservative side based on studies by [18] for releases from a bucket dredge. These releases were represented as one-half of the total loss occurring within 5 m of the bottom due to a combination of: capturing the sediment, expulsion of sediments when closing the bucket, and during the initial raising of the bucket through the water column. The remaining 50% of the losses are assumed to be evenly distributed through the upper water column. The mass discharge rate of the released sediments, as computed individually for each of six particle size categories, were input directly into the z-layers of the 30 m horizontal grids that were occupied by the dredging unit. The sediment models are also used to compute the net deposition resulting from the 30 days of dredging ( Figure 9 ). Here we see that the maximum deposition is 0.11 m within the immediate vicinity of the disturbed dredging area. Outside of the immediate area of dredging the sediment depositions amount to 0.01 -0.025 m in the confined areas of Porpoise Channel, extending inland to the mainland coast. Otherwise, deposition levels are very low at less than 0.002 m (or 2 mm) which are well below background levels which are related to deposition from the Skeena River sediments and natural transport of sediments. 
Disposal at Sea of Dredged Sediments in Brown Passage
This example of numerical modeling of sediment transport is from Brown Passage, which connects the inland sea of Chatham Sound to the deeper Pacific Waters of Hecate Strait and Dixon Entrance [27] . The construction activity simulated is for ocean dumping from barges for disposal of dredged sediments at a proposed site in approximately 200 m water depth (Figure 10 ). The disposal from the barge has a volume of 2400 m 3 which occurs over a 2 minute duration, with barge disposals being repeated every 8 hours and 43 minutes.
The COCIRM-SED finite difference model was used over the domain shown in the map and with a horizontal resolution of 100 m and a vertical resolution of 22 sigma layers ( [25] ). The model was forced at tidal height elevations spanning four open boundaries and by hourly surface winds.
The four model open boundaries include the four adjoining sides of Brown Passage (Figure 10 ). Tidal elevations at these four open boundaries were derived from 7 major tidal height constituents (O1, P1, K1, N2, M2, S2, K2) using the DFO standard tidal prediction program. Wind forcing is applied through the model surface boundary conditions using wind data measurements at the nearby Lucy Island weather station. The initial temperature and salinity distribution within the model domain are derived from DFO historical CTD measurements [27] .
The STFATE IDZ model was used to represent the short term distribution of the sediment releases as input to the 3D hydrodynamic model. The STFATE model results show that during the initial 45 minutes of each disposal trip, the sand settles more quickly than clay or silt. 
Trenching for a Marine Pipeline in Nass Bay
This example of sediment transport modeling is for trenching conducted for a marine pipeline project in the shallow waters of Nass Bay of the Nass River Estuary in northern BC [31] . Here we see the water depths in the model domain (left) and the horizontal grids in the Delft3D-SED model with 35 m resolution except for a higher resolution of 10 m in the pipeline corridor along southern side of Nass Bay. In the vertical, 10 sigma layers were used. The forcing for the Delft3D hydrodynamic model is tidal heights and salinities obtained from time series measurements at the single open boundary at the Nass Bay entrance to Portland Inlet. The discharge from the Nass River obtained daily river data from Station 'Nass River above Shumal Creek (08DB001), recorded by the Environment Canada and available online, is used for the eastern open boundary of the model. Salinity conditions required to initialize the model were obtained using transect data from boat-based CTD profile data across the mouth of Nass Bay as well as at interior locations in Nass Bay and Iceberg Bay. Winds forcing was provided by the Environment Canada Meteorological Service (ECMSC) using the High Resolution Deterministic Prediction System (HRDPS). The Delft3D hydrodynamic model was validated using Acoustic Doppler Current Profiler (ADCP) mooring data located at 22.5 m water depth in southwestern Nass Bay during a model verification run for a 25-day period in November 2015 [31] . The sediments released from the trenching operation were derived for the case of two mechanical bucket dredges operated simultaneously from the center of the marine pipeline corridor moving in opposite directions. The total width of the trench is taken as 33 m with 1:5 sloping sides spanning 15 m on either side plus a flat segment of 3 m width. Handling losses as the sediment is trenched and then dumped either onto a spoil pile directly or in intermediate locations are taken as 3 % for each time the material is moved. The 3% release rate is highly conservative so as to avoid underestimation in the absence of a definitive design for this construction activity, and it is applied over the full water column since water depths relative to the low tide water levels are small being about 1 m or over nearly all of the pipeline route.
A representative example of the sediment model results is provided a snapshot of the SSC values at the end of flood tide (Figure 12) . Here, the highest SSC values occur within 50 m of the two dredging barges reaching values of up to 66 mg/L. These large SSC values were limited to areas within 50 m of the dredging barges with much lower values of 1 -5 mg/L extending to distances of 100 -200 m, beyond which the SSC values were very small at < 1 mg/L. In the areas beyond 50 m from the dredging barges, the SSC values are generally considerably less than the natural background SSC values in Nass Bay associated with the high turbidity of the Nass River waters within Nass Bay and the natural episodes of bottom sediment resuspension associated with very large tidal currents in the shallow waters of Nass Bay [31] . 
Summary and Discussion
The use of integrated 3D sediment transport models provides a useful method to simulate the suspended sediment concentrations and deposition onto the seabed of sediments released from marine construction activities. The 3D models have horizontal grid resolutions of typically 10-30 m (for dredging and for marine pipeline construction) and 100 m (for ocean disposal at sea) with vertical resolution of 10 -30 layers over the water column.
The sediment transport modeling provides quantitative and highly detailed depictions of the SSC distributions in all three dimensions under time varying forcing by tides, winds and river discharges. It also provides detailed two dimensional maps of the deposition of the released sediments resulting from the marine construction activity. These model outputs inform the environmental assessments of the marine construction project by allowing the effects of the marine construction to be estimated on the natural marine ecosystem, including marine vegetation, benthic communities and fishing activities. The results of the sediment transport models can be used to develop more environmentally effective and efficient marine construction plans and to test the effect of mitigative measures such as sheet piles and silt curtains, by operating the model with and without the mitigative measures and for variations in the way the construction activity is conducted.
Further progress for this type of sediment transport and fate modeling can be achieved through the use of even higher resolution models through variable grid sizes which would allow very high resolution in the immediate vicinity of the marine construction activity where the sediments are released. The improvement in horizontal resolution reduces the reliance on the use of initial dilution zone models which have their own uncertainties and increase the effort for the overall modeling process. The use of unstructured finite volume models represent an approach to achieving the very high resolution being sought.
Another area of improvement would be to have more accurate inputs to the models on the sediment releases from construction activities, including more data on wider range of construction activities and the evolving equipment and operations within each type of construction activity. The improved sediment release information could be achieved by in-situ laboratory-derived measurements of sediment releases during the operation of the equipment in the marine environment. The in-situ studies would include measurements of the mass and volumetric rates of sediment release, the areas and volumes of the receiving waters over which the sediment releases from the equipment extend initially in the first several seconds following the release and differences in the released sediments rates by sediment particle size categories.
Finally, improvements in the computation of sediment transport and fate in the far-field is needed to improve on the use of present understandings which are derived from general references to the engineering literature and generalized laboratory studies. In some cases, improvements could be realized through the use of laboratory studies and in-situ measurements for the specific area and sediments which apply to the particular marine construction project being assessed. The key processes which should be addressed are to better represent the variability in: settling velocities for each particle size category and the resuspension of deposited sediments under episodic occurrences of large near-bottom currents. The use of project-specific field and laboratory studies provide testing and validation of understandings applied in the sediment transport and fate computational module which are derived from engineering literature references and generalized laboratory studies. This approach would increase the confidence in the sediment transport and fate modeling results.
